"Nonspecific" cholinesterase (acylcholine acylhydrolase; EC 3.1
(acetylcholine hydrolase; EC 3.1.1.7) The sedimentation pattern of cholinesterase was similar to that of acetylcholihesterase with a small but significant shift between the sedimentation coefficients of the corresponding forms. Extraction yields in different media also demonstrated a close parallelism between the two enzyme systems. Other properties, such as thermal stability and catalytic characteristics, indicated both differences and similarities. In spite of the structural resemblance implied by their physicochemical properties, cholinesterase did not crossreact with antibodies against acetylcholinesterase. The nature of the relationships revealed by these studies and their bearing on the physiological significance of cholinesterases are discussed.
Ever since their discovery in mammalian serum, in 1943, by Mendel and Rudney (1) , the so-called nonspecific cholinesterases (CholE) (acylcholine acylhydrolase; EC 3.1.1.8) have remained a puzzle. The nature of their differences from "true" or specific acetylcholinesterases (AcCholE) (acetylcholine hydrolase; EC 3.1.1.7), which hydrolyze acetylcholine faster than other choline esters, and, more importantly, the physiological significance of these cholinesterases have not yet been fully understood (2, 3) .
Cholinesterases with different specificities occur in the serum of vertebrates and have been extensively studied by Augustinsson (4) . The presence of CholE in sympathetic ganglia has also been recognized for a long time (5) . Klingman et al. have shown that in rat sympathetic ganglia (e.g., the superior cervical ganglion, SCG) a large proportion of the acetylcholine hydrolysis is due to CholE (6) . Koelle et al. (7) have recently reported that AcCholE and CholE have the same cytochemical localization in cat sympathetic ganglia (superior cervical and stellate ganglia) and that after irreversible inactivation by phosphorylating agents, the recovery of AcCholE was dependent upon the activity of CholE (8, 9) . These authors expressed the hypothesis that CholE is a precursor of AcCholE, and that the synthesis of this enzyme is regulated by the level of CholE. The catalytic site of CholE is not essentially different from that of AcCholE, since it possesses both an anionic subsite and an active serine-esteratic subsite (10, 11) . AcCholE is, however, thought to possess additional anionic centers (12) , included perhaps in a peripheral site which appears responsible for excess substrate inhibition (for a review, see ref. 13) . The difference between the two classes of enzymes, AcThe costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact.
CholE and CholE, would thus reflect regulatory interactions between catalytic and peripheral sites, which might result from post-transcriptional modifications of a single polypeptide, as suggested by Koelle et al. (8, 9) .
In the present work, we have investigated the molecular properties of rat ganglion (SCG) and muscle CholE and compared them with those of AcCholE. It was interesting to know, in view of the hypothesis of Koelle et al., what relationship CholE might bear to the multiple molecular forms of AcCholE, which we have recently characterized by sedimentation analysis in rat brain (14) , muscle (15) , and sympathetic ganglia (16) . These forms are stable molecular entities. They differ in their sedimentation coefficients and also in their solubility: the 4S ganglion and brain AcCholE are readily soluble in aqueous media, while the 10S form may be quantitatively solubilized in a detergent-containing buffer. A 6.5S and a 16S form, which also require detergent for complete solubilization, were also found in the SCG. In muscle, the 16S form is restricted to the endplate regions (15) , as observed by Hall (17) . In addition, the lighter forms appear to be precursors of the heavier molecules (18, 19) . Since the hydrolytic activity per active site is identical for all forms (20) , we believe that the multiplicity of molecular forms possesses a structural rather than a catalytic significance.
In the present work we describe the occurrence of multiple molecular forms of CholE, the properties of which closely parallel those of AcCholE. We also compare molecular and catalytic properties of the two enzymes. These observations are relevent to the possible relationships between "nonspecific" CholE and AcCholE.
MATERIALS AND METHODS
All reagents used in this study were MgCl2/10 mM Tris-HCl (pH 7)/1% Triton X-100 (Triton/ saline medium) as in ref. 14 (for SCG, 10 ganglia were homogenized in 0.4 ml of medium). These extracts contained more than 95% of AcCholE or CholE activities. Solubilization in the absence of detergent was also studied by homogenizing the tissues in water. The homogenates were centrifuged at 17,000 X g for 20 min before the enzymic activities were assayed or the sedimentation patterns were analyzed.
Sedimentation analyses were performed as described (14), in 5-20% (wt/vol) sucrose gradients in the Triton/saline medium. Horse liver alcohol dehydrogenase (4.8 S), beef liver catalase (11.3 S), and Escherichia coli f-galactosidase (16 S) were used as sedimentation standards. CholE activity was detected after sedimentation in sucrose gradients either by using butyrylthiocholine as substrate (in the presence or absence of 10 MM BW 284 C 51) or by using acetylthiocholine in the presence of 10MM BW 284 C 51. AcCholE activity was determined with acetylthiocholine in the presence of 10 MM ethopropazine.
Active sites were titrated with the irreversible, stable inhibitor CholE as a function of substrate concentration. Rat SCG were homogenized in 1 M NaCi/50 mM Tris-HCl (pH 7)/1% Triton X-100, and 10-il aliquots of the extracts (2.5 mg of protein/ml) were assayed in media containing 0.5 mM dithiobisdinitrobenzoic acid, 50 mM phosphate (pH 7.0), 10MM specific inhibitor (BW 284 C 51 or ethopropazine), and variable concentrations of acetylthiocholine iodide.
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(MTP) as described (20) . This inhibitor was allowed to react with the enzymes for 4 hr at 200 in the presence of either ethopropazine or BW 284 C 51 (10MgM). There was no change after a prolonged incubation (24 hr).
An immunoglobulin preparation from the serum of rabbits that had been immunized against mouse AcCholE was kindly donated by E. Adamson (University of Oxford) (22) . This preparation was free of CholE activity. Immunoprecipitation experiments were performed as follows: equal volumes of SCG extract and diluted immunoglobulin preparation were allowed to react overnight at 40, the-mixtures were centrifuged (10,000 X g for 30 min), and the supernatants were assayed for both AcCholE and CholE activities and analyzed by sucrose gradient centrifugation. RESULTS Estimation of AcCholE and CholE Activities. Rat SCG extracts (obtained by homogenizing the ganglia in Triton X-100/saline buffer) hydrolyze both acetylthiocholine and butyrylthiocholine. These reactions are completely inhibited in the presence of 10 MM eserine and must therefore be due to AcCholE and CholE.
The effects of selective inhibitors of AcChoIE (BW 284 C 51) and CholE (ethopropazine) are shown in Fig. 1 . BW 284 C 51, up to 10-5 M, does not inhibit more than 2-3% of the hydrolysis of butyrylthiocholine, indicating that AcCholE does not contribute significantly to this reaction. Inhibition by 10-5 M ethopropazine is, on the contrary, quantitative, showing that it is entirely due to CholE. The hydrolysis of acetylthiocholine, on the other hand, is partially inhibited by both inhibitors, reaching a plateau at about 10-5 M in each case. The residual activities observed in the presence of 10-5 M BW 284 C 51 and ethopropazine add up to 100%, suggesting that they reflect the relative contributions of AcCholE and CholE to acetylthiocholine hydrolysis. This conclusion was confirmed by diisopropylfluorophosphonate (DFP) inhibition experiments (Fig.  2) , which were based upon the ability of DFP to block CholE irreversibly at lower concentrations than AcCholE. The inhibition curves obtained thus showed two phases, which corresponded quantitatively to the contributions of AcCholE and The decrease in activity was linear with MTP concentration in both cases, indicating that the experimental conditions used allowed active site titrations.
CholE. In addition, the hydrolysis of butyrylthiocholine and of acetythiocholine in the presence of 10 ;tM BW 284 C 51 was totally inhibited at a low concentration of DFP, confirming that they are indeed catalyzed by CholE almost exclusively.
By using the specific anti-AcCholE inhibitor, we were thus able to examine the substrate specificity of CholE. At 10-3 M substrate concentration, in the presence of 10 AM BW 284 C 51, the rate of hydrolysis of acetylthiocholine by the enzymes contained in a detergent/saline SCG extract was studied as a function of substrate concentration (Fig. 3) . AcCholE activity exhibited the characteristic excess substrate inhibition above 10-3 M acetylthiocholine; CholE activity deviated from michaelian kinetics and did not reach saturation below 2 X 10-2 M. In the 10-2 M concentration range, the two activities were approximately equal. In muscle extracts, the CholE contribution to acetylthiocholine hydrolysis was relatively smaller (approximately 10-15% instead of about 30%, under our assay conditions), and in brain extracts we did not detect any CholE activity.
AcCholE and CholE Active Site Concentrations. An SCG extract was incubated with various known concentrations of the irreversible inhibitor (MTP) in the presence of ethopropazine or BW 284 C 51, which inhibit its reaction with CholE and AcCholE, respectively (20) . After completion of the reaction, the remaining activity (e.g., AcCholE after incubation with MTP plus ethopropazine), representing an excess of active sites over inhibitor, was plotted as a function of MTP (Fig. 4) Activities are expressed as nmol of acetylthiocholine hydrolyzed per hr per ganglion. The contributions of the two lighter forms have not been separately estimated in the total Triton/saline extract because the corresponding peaks are not sufficiently well resolved. The apparent sedimentation coefficients were determined by centrifugation in a 5-20% (wt/vol) sucrose gradient containing 1 M NaCl/50 mM MgCl2/10 mM Tris-HCl, pH 7/1% Triton X-100.
computed, and the value obtained for AcCholE was identical with that determined previously for brain AcCholE (i.e., in the absence of ethopropazine) (20) .
The show that the sedimentation pattern of CholE activity is remarkably similar to that of AcCholE activity in SCG and muscle extracts. In SCG extracts there are three main peaks of CholE which sediment slightly faster (about 0.5 S) than the main 3.6S, 6.3S, and 10S AcCholE molecular forms. The relative proportions of these three components are almost identical for both activities (Table 1 ). In the bottom region of the gradient, after prolonged incubation times, we observed a small 17S CholE peak, which amounts to less than 1% of the total CholE activity (Fig. 5A) .
The same relationship between CholE and AcCholE profiles was observed in muscle extracts, but the 6.3S AcCholE and its corresponding 7S CholE form possessed a much lower relative activity. The lower CholE activity did not allow us to detect any heavy 17S form.
In the same manner as for AcCholE molecular forms (15, 16) '. cJ we found that the CholE peaks correspond to stable entities, which retain their characteristic sedimentation after isolation from the gradients.
Solubilization Properties. The AcChoIE and CholE activities that were solubilized from SCG by homogenization in water and in the detergent/saline medium are reported in Table 1 , together with the relative proportions of molecular forms in both extracts. We observed that the aqueous extract contained approximately 60% of the activity observed in the detergent/ saline extracts for CholE as well as for AcCholE. Moreover, in the absence of detergent, most of the solubilized activity corresponds to the light molecular forms of both CholE (4.2 S) and AcCholE (3.6 S). An important proportion of CholE was thus only solubilized in the detergent/saline medium.
Thermal Inactivation. We studied the thermal inactivation of the AcCholE and CholE activities contained in SCG extracts. Their inactivation rates are different, and they are modified in opposite directions in the presence of the divalent cation Mg2+ (Fig. 7) . In contrast to the molecular properties we have examined so far, this experiment illustrates a marked difference between the two enzymes. However, only the 1OS form of AcCholE and the corresponding 10.8S form of CholE remained after 90% inactivation in every case. The fact that the inactivation did not follow first-order kinetics may be related to the molecular heterogeneity of the enzymes.
Immunological Characterization. A Triton/saline extract of SCG was incubated with various dilutions of rabbit antimouse AcCholE immunoglobulin (22) . Fig. 8 shows that AcCholE was precipitated, whereas CholE was not. Sucrose gradient analysis of the supernatants demonstrated further that Proc. Nati. Acad. Sci. USA 75 (1978) in all cases the CholE peaks remained unaffected, although AcCholE peaks were shifted even at immunoglobulin dilutions that precipitated only 30% of AcCholE activity. DISCUSSION "Nonspecific" cholinesterase (CholE) from rat ganglia (SCG) or muscle has been characterized by using specific inhibitors. It does not exhibit excess substrate inhibition.
We have shown that CholE from these tissues can be fractionated by sucrose gradient centrifugation into distinct molecular forms which closely parallel the AcCholE molecular forms. In spite of the remarkable similarity of the two sedimentation profiles, AcCholE and CholE activities are carried by distinct macromolecules, as shown by a difference in apparent sedimentation coefficients (about 0.5 S), which is small but systematic and significant. Thus, every AcCholE molecular form possesses its CholE counterpart, in SCG as well as in muscle extracts, and except for the heavy 16-17S components, the relative abundance of the corresponding forms is practically identical. We also observed that muscle extracts possess a smaller activity in the 6-7S region for both enzymes. The heavy 17S form of CholE was, however, markedly less abundant, in relative proportion, than 16.6S AcCholE. We were able to observe it in SCG extracts, but its detection in muscle extracts was difficult. It would be interesting to know whether this heavy form, if it does occur in muscle at all, is restricted to the endplate region like its AcCholE counterpart.
The parallelism between AcCholE and CholE molecular forms extends to their solubility properties: in SCG, the lighter forms, 3.6S AcCholE and 4.2S CholE, were preferentially extracted in water, in the same proportions. On the contrary, the other molecular forms were quantitatively solubilized only in the presence of the nonionic detergent Triton X-100. Thus, some of the CholE molecular forms, like those of AcCholE, cannot be considered soluble. Our previous studies suggested that multiple forms of AcCholE represent quaternary assemblies which contain equivalent catalytic subunits at different levels of integration, representing either soluble or membrane-bound states. At first sight, this might seem consistent with the hypothesis of Koelle et al. (8, 9) that AcCholE and CholE specificities are obtained by some post-transcriptional modification of a single basic subunit without altering its participation in the different quaternary interactions which result in the macromolecular heterogeneity of the enzyme. This idea is not supported, however, by some of our observations. First, the thermal inactivation experiments demonstrated a marked difference between the two proteins. Second, we have never observed any interconversion between the two activities under various incubation conditions. Finally, there was no immunological crossreaction between the two enzyme systems. In addition to the lack of common antigenic determinants, our results imply that hybrid assemblies containing the two kinds of catalytic subunits do not occur. Furthermore, our previous results suggested that the lighter forms of AcCholE behave as precursors of the heavier ones, and this would not seem compatible with the precursorproduct relationship between the two series of molecular forms which would be implied in the hypothesis of Koelle et al. (8, 9) . It thus appears likely that AeCholE and CholE catalytic units correspond to distinct genes.
This hypothesis offers a simple basis for the wide differences observed in CholE specificity and level among animal species. For instance, we have found that bovine SCG extracts, although containing the same AcCholE molecular forms as rat SCG extracts, do not possess any significant CholE. The number of CholE active sites in rat SCG is approximately equal to the number of AcCholE sites. Leaving aside the question of substrate specificity, which may be more relevant to enzymologists than to physiologists, we observe that in rat SCG extracts the contribution of CholE to acetylthiocholine (and most likely acetylcholine) hydrolysis is about half that of AcCholE at 7.5 X 10-4 M substrate and equivalent at 10-2 M substrate.
It is conceivable that, because of diffusion barriers, the effective concentration of acetylcholine at the active site under physiological conditions may reach values at which CholE is as efficient as, or more efficient than, AcCholE.
The structural similarities between AcCholE and CholE, as demonstrated in this work as well as by the experiments of Koelle et al. (8, 9) , which indicated cross-regulatory phenomena between the two systems, seem to imply that CholE possesses a precise physiological role, closely related to that of AcCholE. Indeed, the multimolecular associations of these enzymes, which appear to be exactly homologous, probably play an essential role in their function in situ. We would therefore like to suggest that the two enzyme systems fulfill very similar physiological functions. The precise requirements for acetylcholine hydrolysis would be met, in various systems, by different combinations of the two genetically distinct, yet structurally similar, enzymes.
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